I. INTRODUCTION
The magnetocaloric effect (MCE) refers to conversion of magnetic energy of a magnetic substance into thermal energy under applying or removing an external magnetic field. 1 In the process of tailoring the qualities of potential refrigerants, magnetic nanoparticles have been found very promising. 2 The main advantage of nanoparticles over the bulk materials stems in wider options for tuning the characteristics of the refrigerant material. Since the change of working temperature, refrigeration capacity or phase transition character in bulk materials can be induced almost exclusively by chemical composition, in the case of NPs size, shape, capping layer or dilution of nanoparticle system affects those qualities. [3] [4] [5] Based on the calculation of superparamagnetic theory was predicted 6 that nanomagnets would have a larger magnetic entropy change because of the existence of a large magnetic-moment density in a single magnetic particle. Therefore, for the nanoparticles with large atomic moments and low energy barriers, the magnetic moments may easily overcome the barriers to change their alignments to acquire the large entropy change at low temperatures. Several compounds, particularly those based on gadolinium, currently attract attention because of the discovery of their new properties contributing to significant enhancement of MCE. 6, 7 Zeng et. al. 8 presented a work in which magnetocaloric properties of the as-consolidated nanocrystalline and coarse-grained gadolinium metals were studied. With the decrease of Gd grains from micrometer to nanometer range, magnetic entropy change value exhibited abrupt drop from 10 to 4.47 J/kgK at the same experimental conditions. The effects of nanocrystalline structures on magnetocaloric effect were studied also by Pekala at al 9, 10 in various manganite composites. They show that a reduction of crystallite sizes during the transition from a poly-to a nanocrystalline composite causes a suppression of magnetic entropy change, which is accompanied by a considerable broadening of the temperature interval when compared to the polycrystalline material. Therefore, the relative cooling power (RCP(S)) of the nanocrystalline composite is reduced by 10% in comparison with polycrystalline phase. This confirms that the magnetocaloric materials with the more competitive properties may be developed in a form of nanocrystalline composites. 9, 10 Magnetic nanocomposite materials based on magnetic nanoparticles embedded in ordered porous silica matrices have found applications in the various scopes like catalysis, adsorption, chromatography, chemical sensors or biomedicine. 11, 12 These composites exhibit the benefits originating from the suitable combination of the features inherent to each fundamental component, like high specific surface area, tunable pore size and volume, high chemical, thermal and mechanical stability or the low toxicity. Several works confirming that embedding of nanostructures into matrix material could result in feasible effects with respect to thermal conductivity of the composite have been published. Zhang et al. 13 showed that it is possible to affect thermal conductivity of nanocomposite by tailoring nanoparticles' size distribution in order to scatter in broader or narrower thermal phonon spectrum. According to simulations carried out by Quiao et al., 14 for nanocomposite with randomly dispersed nanoparticles, thermal conductivity of matrix material can be enhanced by embedding nanoparticles exhibiting high thermal conductivity. Thus, properly designed nanocomposite which would combine feasible features like high value of magnetic entropy change along with good thermal stability and conductivity could exhibit suitable properties with respect to magnetocaloric applications.
With the aim to confirm the direct influence of silica matrix symmetry (2D or 3D) and nanoparticles' concentration on the magnetocaloric response, we performed the study of nanocomposites containing gadolinium oxide nanoparticles (Gd 2 O 3 ) loaded into the mesoporous silica matrix. The method of nanocasting was employed for the samples' preparation. Mesoporous silica matrices of two different kinds of symmetry served as hard templates for growth of the nanoparticles. 11, 12 High values of magnetic entropy change and refrigeration capacity were observed at low temperatures. Mutual comparison of the results obtained from all of the samples revealed the variance in their magnetic and magnetocaloric characteristics, what suggests that these qualities can be controlled by Gd 2 O 3 nanoparticles' concentration as well as by the symmetry of silica matrix. The analysis of parameters A(T) and B(T) derived from Arrott plots revealed the presence of the second order phase transition in studied nanocomposites. Our finding along with the benefits of mesoporous nanocomposite could extend the current Gd 2 O 3 NPs applications to the area of cryogenic refrigeration, e.g., as a material for Nano Electro Mechanical Systems (NEMS).
II. EXPERIMENTAL
Nanocomposite samples consisting of Gd 2 O 3 nanoparticles encapsulated into silica matrix with 2D organization of mesopores (hexagonal symmetry) and with 3D ordering of pores (cubic symmetry) were prepared by nanocasting method. At first, a blank mesoporous silica matrix SBA-15 (hexagonal) and SBA-16 (cubic) were synthesized according to Zhao, et al. 15 and Kim et al., 16 respectively. Subsequently, the blank matrices were used as a hard template and they were modified by gadolinium oxides via wet-impregnation. In the typical experiment, the 1 g of dehydrated samples SBA-15 or SBA-16, were wet-impregnated with 20 ml of 0.5 M and 4 M solutions of Gd(NO 3 ) 3 for 2 h at room temperature. After the impregnation the samples were being dried at 323 K for 2 h. The The HRTEM (high-resolution transmission electron microscopy) micrographs were taken with JEOL 2100F microscope. Copper grid coated with a holey carbon support was used to prepare samples for the TEM observation. The bright-field TEM image was obtained at 200 kV. EDX (energy-dispersive X-ray spectroscopy) measurement performed by TEM confirmed the presence of Gd 2 O 3 . 17 X-ray powder diffraction was used for phase analysis of nanoparticles inside porous matrices. Diffraction measurements were carried out by synchrotron radiation with energy 60 kV and wavelength λ = 0.0207 nm on accelerator PETRA III in DESY, Hamburg. Samples were put into Capton capillaries. Diffraction patterns were integrated and processed via FIT2D software and CeO 2 was used as calibration standard. The scattering intensity was measured as a function of scattering vector, q, being defined as q = (4π/λ)sinθ, where 2θ is the scattering angle and λ is the X-ray wavelength.
The filling process of nanocomposites was N 2 sorption/desorption experiments. The textural properties of the parent silica matrices and their nanocomposites were performed with a Quantachrome Gas Sorption System at 77 K. The specific surface area, SBET, was estimated using Brunauer-Emmett-Teller (BET) equation in the relative pressure range (0.05-0.30). Pore volumes and pore size distribution were calculated using the NLDFT theory for cylindrical pores (SBA-15) or spherical pores (SBA-16). In addition, to determine of the quantity of the gadolinium oxide in the samples, the samples were dissolved in the hydrofluoric acid and the gadolinium content was analyzed by atomic absorption spectroscopy (AAS). The determined content of gadolinium corresponded to the 10wt. % in the samples Magnetic properties of the composites were investigated using commercial MPMS 5XL and MPMS 3 (Quantum Design) devices. The dependences of magnetization on field magnitude (up to 5 T) were recorded in temperature range 2 -52 K with the step of 1 K. The powder samples were encapsulated into a gelatin capsule and inserted into the plastic sample holder. The signals of diamagnetic contributions of gelatin capsule and plastic sample holder were measured and subtracted from experimental data. Experimental isothermal magnetization data were processed employing Maxwell thermodynamic relation and Matlab software in order to calculate the dependence of magnetic entropy change on temperature of the investigated material.
III. RESULTS AND DISCUSSION
The periodic organization of the hexagonal and cubic nanocomposites was confirmed by HRTEM micrographs in all studied samples. Figs. 1a) and 2a) show schematically the arrangement of Gd 2 O 3 NPs inside SBA-15 (hexagonal) and SBA-16 (cubic) silica matrix. The HRTEM micrographs of nanocomposite with hexagonal symmetry with low (Fig. 1b) ) and high (Fig. 1c) 18 Further structural characterization was performed by high energy X-ray diffraction (HE-XRD) measurements using synchrotron radiation. XRD spectra document the presence of amorphous silica and gadolinium oxides of Gd 2 O 3 type in all modified samples. The representative spectra of studied nanocomposites are presented in Fig. 3 . The large full width at half maximum of diffraction peaks recognized in the patterns indicates the nanocrystalline character of the particles. All four samples exhibited broad peaks at around 2θ = 3.98 • and 2θ = 6.2 • , assigned to amorphous silica, 19 which overlap almost whole diffraction peaks from gadolinium oxide nanoparticles. In spite of this, there is still clear evidence of Gd 2 O 3 presence in the XRD spectra of nanoparticles in porous silica matrix 18 Figs. 4 a) -d) present the isothermal magnetization M(µ 0 H) data of investigated material measured in temperature range 2 -52 K with the step of 1 K. The curves recorded at lowest temperatures resemble "S" shape, while the tendency of becoming almost linear with increasing temperature is evident in all studied samples. This behavior is expected for paramagnetic or superparamagnetic materials. 2 With increasing concentration of Gd 2 O 3 NPs in nanocomposite with hexagonal symmetry, Figs. 4 a), b) , the magnetization measured at corresponding temperatures is gradually enhanced, what confirms the successive filling process of porous matrix system by nanoparticles. On the contrary, in nanocomposites with cubic symmetry, the magnetization increases up to critical nanoparticle concentration (it was observed in our previous studies) and beyond this "limit", the magnetization decreases. In Figs. 4 c) , d) can be seen M(H) curves recorded in nanocomposite with cubic symmetry below critical concentration limit, represented by higher magnetization values, Fig. 4c ), and beyond this critical limit showing lower magnetization values, see Fig. 4 d) . This confirms that with gradually increasing nanoparticle concentration in cubic nanocomposites, the certain fraction of Gd 2 O 3 is evicted out from internal surface pores. M(µ 0 H) data displayed in Fig. 4 were processed for the evaluation of magnetocaloric properties of the material.
Magnetic entropy change (∆S M ) calculations were carried out employing Maxwell relation (∂M/∂T) H = (∂S/∂H) T expressing how change in magnetization induces magnetic entropy change, and vice versa. Thus, in the case of isothermal-isobaric process after integration we get magnetic entropy change 20 For the discrete measurements, there is a numerical approximation of the Eq. (1) 21,22
where M n and M n+1 are the magnetization values measured in magnetic field µ 0 H at temperatures T n and T n+1 , respectively. Fig. 5 shows the temperature dependences of magnetic entropy change ∆S M (T) at different magnetic field variations (up to 5 T) calculated from experimental data displayed in Fig. 4 for all studied nanocomposites. At higher temperature region, slight increase of ∆S M with decreasing temperature can be seen. Gradual enhancement of -∆S M with the increase of magnetic field change is also evident for all the samples in the 23 and they are comparable with GdAl 2 @Al 2 O 3 nanocapsules, 21 where ∆S M (T) can reach the largest values of 18.02, 18.71, and 31.01 J/kgK at 7.5 K for field variation from 1-7 T, and oxalate-bridged Gd(III) coordination polymers 24 with ∆S M (T) = 32.9 J/kgK at 2.6 K for field variation 1-7 T.
Neither the MCE nor such a high value of magnetic entropy change have ever been measured and detected in Gd 2 O 3 @SiO 2 nanocomposites. Further investigation of magnetic properties and the determination of magnetic transition type was performed employing well established Arrott plot analysis. 9, 10, 25, 26 The plots were constructed from the isothermal magnetization data as a function of magnetic field from 0 to 5 T for each corresponding sample, Fig. 6 .
According to the Banerjee criterion, the positive slope of µ 0 H/M vs. M 2 at very low temperatures suggests on the second order magnetic phase transition. [25] [26] [27] [28] According to Landau theory, a theoretical modeling of the MCE could also provide the proof of characteristics typical of magnetic transition. The Gibbs free energy can be expressed as 25 where A(T) and B(T) parameters are temperature dependent representing the electron condensation energy and magnetoelastic coupling. Assuming the condition of equilibrium we obtain 26
G(T , M)
The parameters A(T) and B(T ) obtained from the linear region of the Arrott plots are shown in the Fig. 7 . One can clearly find that the parameter A(T) increases with increasing temperature. If we consider our previous results, the critical temperature of samples with higher concentration of NPs (Gd 2 O 3 @SBA-15 high and Gd 2 O 3 @SBA-16 high) was established at T max = 3 K, thus the existence the second order phase transition (SOPT) in measured temperature interval 1.8-41 K was confirmed. Despite of no evidence of ∆S M (T) peaks in nanocomposites with low nanoparticle concentration, the positive 27, 28 parameter B(T) at very low temperatures might suggest the presence of the second order phase transition in all studied nanocomposites.
IV. CONCLUSION
To summarize, we have studied the structural, magnetic and magnetocaloric properties of Gd 2 O 3 @SiO 2 nanocomposite prepared by nanocasting of Gd 2 O 3 nanoparticles of two different concentrations in periodic nanoporous silica matrix with hexagonal (SBA-15) and cubic symmetry (SBA-16). The concentration effect of the added nanoparticles (NPs) and the effect of the matrix dimensionality on the structural properties, magnetization M(H), magnetic entropy change ∆S M and parameters A(T) and B(T) from Arrott plots were studied. Mutual comparison of the results obtained from all of the samples revealed the variance in their magnetic and magnetocaloric characteristics, what suggests that these qualities can be tuned rather easily. Our finding along with the benefits of mesoporous nanocomposites could extend the current Gd 2 O 3 nanoparticle applications and bring the new insight into the application of such kind of materials in cryomagnetic refrigeration.
